Objectives-Oral squamous cell carcinoma (OSCC) is the most commonly diagnosed oral malignancy in humans and cats and frequently invades bone. The objective of this study was to determine if feline OSCC serves as a relevant model of human OSCC in terms of osteolytic behavior and expression of bone resorption agonists.
Introduction
Cancer of the oral cavity was diagnosed in an estimated 263,900 patients, globally, in 2008. 1 In 2010, the American Cancer Society estimated that 25,800 people in the U.S. would be diagnosed with oral and pharyngeal cancer and 5,830 people would die. 2 Approximately 90% of oral and oropharyngeal tumors are squamous cell carcinoma (OSCC). [3] [4] [5] There has been minimal improvement in the 5-year disease-specific survival for OSCC, which is currently 61% for all stages combined. 6 Development of successful therapies depends on the utility of OSCC animal models that faithfully recapitulate complex tumor-host interactions including angiogenesis, invasion and metastasis. 7 OSCC frequently invades bone and is associated with osteoclastic bone resorption. 8, 9 Boneinvasion contributes to the clinical morbidity of OSCC patients and is associated with poorer prognosis. [10] [11] [12] [13] [14] [15] Despite the frequency and clinical impact of bone invasion in OSCC, the mechanisms responsible for osteoclastic bone resorption and bone invasion remain poorly understood.
Multiple animal models are available for the study of OSCC; however, many are designed to study the early stages of carcinogenesis and involve exposing tissues of the oral cavity of hamsters, mice and rats to carcinogenic agents such as dimethylbenzanthracine (DMBA) and 4-nitroquinolone oxide (4NQO), or involve injection of primary or established OSCC cell lines subcutaneously in syngeneic or immunocompromised rodent models resulting in noninvasive tumor growth. 7, 16 There are few preclinical in vivo models that recapitulate the bone-invasive behavior of OSCC in order to evaluate therapeutic agents. The objective of this study was to develop a relevant in vitro and in vivo model of OSCC-associated bone resorption utilizing cell lines derived from primary OSCC tumors from humans and domestic cats. As in humans, OSCC is the most commonly diagnosed tumor of the oral cavity in cat 17, 18 and has a highly invasive, osteolytic phenotype 19, 20 with similarities in clinical progression and pathology compared to human OSCC. 21 Characterization of feline OSCC cell lines not only provides additional tools for studying mechanisms and treatment of bone resorption in OSCC, but will support the utility of cats with OSCC as a spontaneous preclinical model of the human disease. Cell lines derived from primary OSCC tumors in cats in addition to human OSCC cell lines were evaluated to determine if the bone-invasive phenotype and expression of parathyroid hormone related-protein (PTHrP, a stimulator of osteoclastic bone resorption) receptor activator of nuclear factor κB ligand (RANKL, an activator of osteoclastogenesis) and osteoprotegerin (OPG, the soluble receptor of RANKL and inhibitor of osteoclastogenesis) was similar between the two species, and to better characterize bone-invasive feline OSCC as a model of human OSCC.
Materials and Methods

Established and novel cell lines
A253 (human salivary SCC), SCC25 (human lingual SCC), NHDF (human dermal fibroblast) and MC3T3 (murine preosteoblast) cell lines were purchased from ATCC (Manassas, VA). UMSCC12 cells (human laryngeal SCC) were provided by Dr. Thomas Carey at the University of Michigan. SCCF1 cells (feline laryngeal SCC) were previously derived and characterized. 22 SCCF2 cells were derived from a bone-invasive gingival SCC of a 7-year-old cat and SCCF3 cells were derived from a lingual SCC of a 12-year-old cat using published methods. 22 Tumor-associated fibroblasts (TAF) from a feline gingival OSCC unrelated to SCCF2 and SCCF3 were isolated using similar methods. Methods used to derive, maintain and characterize cell lines (cytokeratin immunohistochemistry, proliferation rate, karyotype analysis, electron microscopy) and to stably transfect cells with luciferase are described in the supplemental information.
In vitro bone resorption and osteoclastogenesis
Four (4) mm diameter disks of calvarial bone were harvested from 5 to 8-day-old mouse pups and co-cultured with NHDF or OSCC cells. Formalin-fixed bone disks were stained for tartrate-resistant acid phosphatase (TRAP) activity using a commercially available kit (Sigma-Aldrich, St. Louis, MO) as previously described. 23 Disk area was calculated (ImagePro plus histomorphometry software, Bathesda, MD) and compared between each cell line. Bone marrow mononuclear cells (BMMC) were flushed from femurs, tibias and humeri of 4-to-6-week-old male mice and cultured in αMEM growth medium supplemented with 30 ng/ml recombinant murine RANKL (Peprotech Inc., Rocky Hills, NJ) and 5 ng/ml recombinant murine MCSF (R&D Systems, Minneapolis, MN) for 72 hours. Medium was replaced with 1:1 mixture of αMEM growth medium and OSCC-conditioned medium (CM) or unconditioned medium (DMEM growth medium)for 6 days. Adherent cells were formalin-fixed and TRAP-stained as previously described. 24 . Fibroblasts were used in coculture experiments to produce medium that was cell culture-conditioned but did not contain OSCC-derived factors (negative controls).
Orthotopic nude mouse model of bone invasive OSCC
Animal procedures were approved by the Institutional Lab Animal Care and Use Committee at The Ohio State University. Luciferase-expressing OSCC cell lines (UMSCC12Luc, SCCF1Luc, SCCF2Luc and SCCF3Luc) were injected into 2 groups of five, 6-week-old male nu/nu mice (NCI, Frederick, MD), with or without the addition of Matrigel (BD Matrigel™ , high concentration, phenol red free, Franklin Lakes, NJ). OSCC cells were injected through the gingival mucosa, lateral to the maxillary incisors, at a density of 5×10 5 to 1×10 6 cells suspended in 0.1ml of vehicle. Mice were sacrificed 90 days post-injection or earlier when xenografts reached 1cm in diameter. Bioluminescent imaging was performed every 1 to 2 weeks using the IVIS 100 system as previously described. 21 Results were analyzed using LivingImage® software, version 2.2 (Caliper Life Sciences). Ex vivo imaging of submandibular and cervical lymph nodes, lungs, liver, spleen and kidneys was performed on all mice immediately following BLI and euthanasia. Bone loss was qualitatively evaluated using a Faxitron cabinet X-ray system (Hewlett-Packard, McMinnville, OR). Skulls were formalin-fixed, decalcified in 10% EDTA pH 7.4, paraffin embedded and stained with hematoxylin and eosin (HE) for microscopic determination of bone invasion. Enzymatic histochemistry for TRAP-positive osteoclasts was performed on tissues from representative mice as previously described. 25 Expression of bone resorption genes in OSCC and MC3T3 cells OSCC cells were evaluated using real-time reverse transcriptase polymerase chain reaction (RT-PCR) for expression of PTHrP, colony stimulating factor-1 (CSF-1), RANKL and OPG using methods previously described. 24 Primer sequences are provided as supplemental information. Gene expression was normalized to beta-2 microglobulin.
MC3T3 cells were cultured in 50% serum-free α-MEM medium supplemented with 0.1% BSA and 50% serum-free OSCC-CM or unconditioned medium for 3 hours, at which time RANKL and OPG expression was measured by real-time RT-PCR. All medium was preincubated with previously validated chicken anti human PTHrP neutralizing IgY or preimmune IgY at 100 μg/ml for 1 hour at 37°C. 26, 27 Primer sequences were previously published 24 and are included in supplemental materials.
Effect of bone-derived factors on OSCC proliferation and expression of PTHrP
NHDF or OSCC cells were grown in 96-well plates in 50% growth medium / 50% CM (murine bone-CM or fibroblast-CM). A commercial MTT assay (Promega, Madison, WI) was performed according to the manufacturer's instructions after 96 hours of culture.
OSCC cells were cultured in serum-free bone-CM, MC3T3-CM, or 12 ng/ml recombinant human TGF-β1 (R&D). OSCC cells were cultured in 50% unconditioned serum-free medium and 50% conditioned serum-free medium for 3 hours (mRNA expression) or for 24 hours (PTHrP secretion). PTHrP mRNA expression was measured using real-time RT-PCR and the concentration of PTHrP secreted into the culture medium was determined with a PTHrP immunoradiometric assay (Diagnostic Systems Laboratories Inc., Webster, TX, USA) according to the manufacturer's instructions.
Statistical analysis
Results are displayed with means and standard error as indicated. Data were analyzed using Student's t-test or ANOVA and Bonferroni's post hoc test. Normalized gene expression data (ΔCT) were analyzed using Student's t-test or ANOVA and Bonferroni's post hoc test, and displayed as relative expression compared to the cell line with the lowest expression or control samples as indicated. Data with P values less than 0.05 were considered statistically significant. All statistical comparisons were performed with STATA Intercooled 10 software (Cary, NC).
Results
Cell line derivation and morphologic characterization
The SCCF2 primary tumor was a well differentiated maxillary OSCC with evidence of bone resorption ( figure 1A ). The SCCF3 primary tumor was a well differentiated SCC which had infiltrated and expanded the entire thickness of the tongue (figure 1B). Both tumors had morphologic characteristics typical of OSCC which included islands and cords of neoplastic epithelium with squamous differentiation and formation of keratin pearls. SCCF2 and SCCF3 cells grew in vitro as colonies of adherent round to polygonal cells that maintained close cell-to-cell contact (figures 1C and D) and were pancytokeratin-positive (figures 1E and F). Transmission electron microscopy revealed that SCCF2 and SCCF3 cells formed desmosomes (figures 1G and H) and tonofilaments typical of epithelial cells. The average doubling time of SCCF2 cells (27 ± 3 hours) was slightly shorter than SCCF3 cells (30 hours ± 3 hours) (data not shown).
SCCF2 and SCCF3 cells were aneuploid with multiple marker chromosomes (figure S1). SCCF2 cells were 4n with chromosomal additions to B1 (short arm), D4 and F1. No normal D4 chromosomes were observed and no Y chromosomes were observed. Approximately one half of the SCCF3 cells were diploid and the remaining cells were tetraploid; however, all had the same chromosomal abnormalities which included additions to B1 (long arm), C2, F2 and deletion of part of D1. No normal E3 chromosomes were observed in SCCF3 cells.
Human UMSCC12 and Feline SCCF2 cells induced bone resorption and osteoclastogenesis
In order to model in vitro OSCC-associated bone resorption, feline and human OSCC cells were co-cultured with murine calvarial bone. UMSCC12 and SCCF2 cells were associated with pronounced bone loss (figure 2A). UMSCC12, SCC25 and SCCF2 CM stimulated the formation of large multinucleated TRAP-positive osteoclasts in murine BMMC cultures (figure 2B). In contrast, few osteoclasts were formed in the presence of SCCF3 and NHDF medium. Similarly few osteoclasts formed in TAF-CM (data not shown).
SCCF1Luc, SCCF2Luc, SCCF3Luc and UMSCC12Luc differed in xenograft growth, boneinvasive behavior and metastasis in vivo (table 1) . BLI was used to evaluate xenograft growth with and without Matrigel, and to detect regional and distant metastasis ex vivo (figures S2 and table 1). In the absence of Matrigel, SCCF3Luc was the only cell line to yield progressive xenograft growth in all mice and was associated with the most rapid tumor progression (19 to 28 days). Without Matrigel, xenografts developed from SCCF2Luc cells in 4 of 5 mice, from UMSCC12Luc cells in 3 of 5 mice, and from SCCF1Luc cells in 2 of 5 mice. UMSCC12Luc xenografts demonstrated the slowest rate of tumor progression (83-90 days). Interestingly, Matrigel increased the incidence of xenograft formation to 5 of 5 mice for UMSCC12Luc and SCCF1Luc cells, but reduced the incidence of sustained xenograft growth in SCCF2Luc-injected mice.
The greatest degree of osteoclastic bone resorption and maxillary invasion was observed in SCCF2Luc and UMSCC12Luc-bearing mice (table 1 and figure 2C . Mild to moderate bone resorption was observed in SCCF3Luc-bearing mice, and minimal to no bone resorption was observed in SCCF1Luc-bearing mice. Bone invasion was associated with numerous TRAPpositive osteoclasts in resorption pits on the maxillary surfaces adjacent to the xenograft ( figure 2C ).
Osteolytic OSCC expressed the most PTHrP and stimulated MC3T3 expression of RANKL
UMSCC12 and SCCF2 cells expressed significantly greater PTHrP mRNA (5-fold and 50-fold) compared to A253 and SCC25 or SCCF3 and TAF cells respectively ( figure 3A) . The PTHrP mRNA levels corresponded to secreted PTHrP ( figure 4C ) and the ability to stimulate osteoclastic bone resorption. RANKL expression was relatively low in UMSCC12 and SCCF2 cells (figure 3B) compared to A253 cells and TAF cells, suggesting that osteoclast activation does not rely solely on OSCC-expression of RANKL. UMSCC12 expressed the highest levels of CSF-1 mRNA (a cytokine capable of stimulating osteoclast formation) compared to either A253 or SCC25 which may have contributed to osteoclastic bone resorption. In contrast, bone-invasive SCCF2 cells expressed the lowest levels of CSF-1 mRNA compared to the other feline OSCC cell lines ( figure S3 ). TAF cells expressed the highest levels of CSF-1 and RANKL mRNA compared to the feline OSCC cell lines, suggesting that the tumor stroma may have a significant role in stimulating osteoclast formation in bone invasive OSCC. Interestingly, cells associated with less bone resorption (A253 and SCCF3), expressed the highest levels of OPG (figure 3C).
RANKL expression was induced in MC3T3 cells by SCCF2-CM (high PTHrP expression) but not by SCCF3-CM (low PTHrP expression, figure 3D ), which corresponded to the high degree of bone resorption and osteoclastogenesis associated with the SCCF2 cell line. Preincubation of medium with anti-human PTHrP neutralizing IgY significantly reduced the RANKL expression response to SCCF2-CM ( figure 3D ). SCCF3-CM stimulated the expression of OPG in MC3T3 cells ( figure 3E ). In contrast, SCCF2-CM did not stimulate MC3T3 expression of OPG. Interestingly, addition of anti-PTHrP neutralizing antibody to SCCF2-CM resulted in an increase in MC3T3 expression of OPG, suggesting that the level of OPG expression in MC3T3 cells treated with SCCF2-CM was the result of balanced inhibitory and stimulatory signals on MC3T3-expression of OPG. Neutralization of SCCF2-derived PTHrP alleviated inhibition of OPG expression, resulting in levels similar to that observed in SCCF3-CM. Addition of PTHrP neutralizing antibody to SCCF3-CM had a smaller stimulatory affect on MC3T3 expression of OPG, which may be explained by reduced PTHrP expression observed in the SCCF3 cell line. Taken together, exposure of MC3T3 cells to SCCF2-CM increased RANKL expression relative to OPG expression (a pro-osteoclastogenesis expression profile), which was partially reversed by the addition of a PTHrP neutralizing antibody.
Effect of bone-CM on OSCC proliferation and expression of PTHrP
OSCC cells, but not NHDF fibroblasts, proliferated more rapidly cultured in bone-CM compared to unconditioned medium (UMSCC12, figure 4A ) or fibroblast-CM (A253, SCCF1, SCCF2 and SCCF3). Bone-CM stimulated OSCC-expression of PTHrP mRNA (figure 4B). TGF-β1 stimulated SCCF2-expression of PTHrP mRNA; however, TGF-β1 did not significantly stimulate PTHrP expression in the other OSCC cell lines. There was no effect of MC3T3-CM on OSCC-expression of PTHrP (figure 4B). Bone-CM stimulated PTHrP secretion into culture medium in all OSCC cell lines evaluated (figure 4C).
Discussion
We have developed a unique model of OSCC-associated osteoclastic bone resorption utilizing cell lines derived from human and feline cancers. There are few orthotopic models of head and neck cancer that demonstrate the bone-invasive behavior typical of the natural disease. Previously, in vivo studies of bone invasive OSCC included two osteolytic OSCC cell lines; BHY, derived from a human gingival OSCC, 28 and SCCVII, derived from a C(3)H/HeN murine mouth floor OSCC. 29 Both BHY and SCCVII cells are typically injected percutaneously into the masseter muscle to achieve mandibular invasion. Other cell lines reported to have bone invasive activity in vivo include UMSCC1 injected percutaneously ventral to the mandible, 30 UMSCC11A, UMSCC11B, BICR31 and BICR56 injected intraorally into the floor of the mouth, 31, 32 and HSC3 injected percutaneously adjacent to the parietal bone. 33 Although murine models have proven to be indispensable to studies investigating the mechanisms and treatment of OSCC, a model of spontaneous, naturally occurring OSCC would be of great benefit to researchers and patients. Our characterization of feline OSCC supports the utility of naturally occurring OSCC in cats as a spontaneous model of human OSCC. The prognosis of OSCC in cats is poor and there are few treatment options, making this population ideal for preclinical evaluations of novel treatment strategies.
Human OSCC karyotypes are frequently complex with numerous numeric and structural abnormalities. 34, 35 Both SCCF2 and SCCF3 cells had complex karyotypes (3 or more numeric and/or structural changes) with numerous marker chromosomes. Early alterations in the progression of human oral cancer include loss of DNA at chromosome 9p21 (p16), alteration of 17p13 (P53) and gain at 11q13 (cyclin D). 36 Interestingly, no normal D4 chromosomes were observed in the SCCF2 cells (homologue of human chromosome 9 and site of p16). 37, 38 Neither cell line had abnormalities of E1 (homologue of human chromosome 17 and locus of TP53) 37, 38 or gains in D1 (homologue of human chromosome 11q and locus for cyclin D). 37, 38 Further study of the integrity and function of p16, p53 and cyclin D in the feline cell lines is warranted. Matrigel improved xenograft growth in SCCF1Luc and UMSCC12Luc cells but did not add to the high rate of SCCF3Luc engraftment and tumor growth. Matrigel appeared to improve tumor growth in the early stages of xenograft formation in SCCF2Luc-bearing mice, but surprisingly, the tumors regressed in all but 1 mouse. The bone invasive phenotype on UMSCC12 and SCCF2 cells in vivo was similar to the ability of these cells to induce bone resorption in vitro. Conversely, the low degree of in vivo bone resorption observed in SCCF1 and SCCF3 xenografts was consistent with the minimal in vitro bone resorption associated with these cell lines.
The human and feline OSCC cell lines evaluated in this study all expressed PTHrP, at varying levels, in agreement with previous reports showing that PTHrP is commonly expressed in human OSCC tissue 33, [39] [40] [41] [42] and cell lines, 42 and in feline OSCC tissue 20 and SCCF1 cells. 22 OSCC-expression of PTHrP influences in vitro tumor cell proliferation, migration and invasiveness 43 and participates in osteoclastogenesis by increasing osteoblast expression of RANKL. 33, 42, 44 In addition to PTHrP, OSCC-derived factors that have been associated with osteoclast formation and bone invasion include interleukin-6 (IL-6), IL-8, IL-11 and tumor necrosis factor α (TNFα). 33, 45, 46 Although we have previously shown that TNFα expression was absent or minimally expressed in bone invasive feline OSCC tumors (in stark contrast to expression of PTHrP), 20 it is possible that OSCC-derived factors other than PTHrP contribute to the bone invasive phenotype. Of interest, OSCC expression of RANKL was not associated with osteoclast formation or bone invasion in this study. It has previously been suggested that the ability of OSCC cells to stimulate stromal expression of RANKL or to inhibit stromal expression of OPG is more important than OSCC tumor cell expression of RANKL. For example, the osteolytic behavior of BHY cells has been attributed to their inhibitory effect on stromal expression of OPG, rather than tumor cell expression of RANKL. 47 We demonstrated that bone-invasive SCCF2 cells stimulated RANKL and suppressed OPG expression in MC3T3 cells compared to the less invasive SCCF3 cells, which was partially reversed by the addition of a PTHrP neutralizing antibody. Similarly, BHY cells have been shown to express PTHrP and to stimulate RANKL expression in MC3T3 cells, 42, 44 and a PTHrP neutralizing antibody partially inhibited the BHY-stimulation of RANKL expression in ST-2 cells (rat osteoblasts) and osteoclast formation in vitro. 33 In a recent report, knockdown of PTHrP in murine SCCVII cells inhibited osteoclastic bone resorption of the mandible in mice. 29 OSCC cell lines proliferated more rapidly and had increased expression and secretion of PTHrP when cultured in bone-CM. The factors responsible for these effects are unknown; however, bone is a reservoir of numerous growth factors with the ability to promote tumor progression and include TGF-β1, fibroblast growth factor (FGF), insulin-like growth factors (IGFs) I and II, platelet derived growth factor (PDGF), and bone morphogenic proteins (BMP). 48 In fact, TGF-β1 is known to stimulate PTHrP expression in a variety of tumor cells and is suspected to function in a vicious cycle of tumor growth and bone invasion in skeletal metastasis of human breast cancer. 49 We have observed that bone-CM contains latent TGF-β1 using a commercially available TGF-β1 ELISA (data not shown), and TGF-β1 stimulated PTHrP expression in SCCF2 cells. Our findings are in agreement with those of Takayama et al., who demonstrated that PTHrP expression in SCCVII cells was stimulated by TGF-β1. 29 In all cell lines evaluated, the stimulatory effect of TGF-β1 on PTHrP expression was less than the stimulation by bone-CM, suggesting that TGF-β1 in bone-CM is not solely responsible for the increased expression of PTHrP. Calcium released from resorbing bone has been proposed to play a role in stimulating tumor-expression of PTHrP in bone-metastatic breast cancer, 50 and resorbing bone has been shown to release calcium into culture medium. 24 It is possible that bone-derived calcium in the CM contributed to the stimulation of PTHrP in the OSCC cell lines.
We have developed a novel in vitro and in vivo model of OSCC-associated osteoclastic bone resorption using feline OSCC cells. We observed that the ability of feline OSCC cells to stimulate osteoclastic bone resorption corresponded to PTHrP expression, and that conditioned medium from bone invasive feline OSCC was associated with increased RANKL expression and reduced OPG expression in murine preosteoblasts in a manner that was partially PTHrP-dependant. Bone-CM and TGF-β1 stimulated OSCC-expression of PTHrP, supporting the hypothesis that OSCC invasion into bone was facilitated by a vicious cycle of tumor-derived PTHrP and bone-derived factors. These preclinical models of OSCC recapitulate the bone invasive phenotype characteristic of the disease in both humans and cats, and will be useful to future studies of bone invasive OSCC. A. Murine calvarial bone discs (4 mm diameter) were co-cultured with OSCC cells for 7 (black circles) or 14 (white circles) days. Calvaria were fixed, stained for TRAP activity, photographed and evaluated for changes in bone area using histomorphometry. SCCF2 (feline) and UMSCC12 (human) cells stimulated the most bone resorption. B. Murine BMSCs were cultured in CM from human and feline OSCC cells. UMSCC12, SCC25 and SCCF2 cells stimulated the formation of numerous, large osteoclasts. C. In vivo, minimal to no evidence of bone resorption was radiographically evident in SCCF1 and SCCF3-tumorbearing mice. Moderate to marked reactive bone resorption (white arrows) was observed in the SCCF2Luc and UMSCC12Luc-bearing mice. SCCF1Luc xenografts were rarely associated with bone resorption despite close proximity of tumor to bone. SCCF2Luc xenografts were characterized by marked bone loss (xenograft indicated by 'SCC', tooth by 'T' and bone by 'B') and invasion with the formation of numerous large, TRAP-positive osteoclasts. Osteoclasts are red-stained cells on the surface of bone (blue solid line) adjacent to OSCC xenografts (green dashed line, labeled 'T'). Less bone invasion was observed in the SCCF3Luc xenografts; however, osteoclastic bone resorption was occasionally observed. UMSCC12Luc frequently invaded bone and stimulated osteoclastic bone resorption. Scale bars: Faxitron: 1 mm; Histopathology: 1 mm; TRAP: 50 μm. 
Behavior of OSCC xenografts in nude mice
Mice were injected with the indicated cell lines, with and without matrigel, and were observed for tumor growth using in vivo bioluminescent imaging.
Mice were removed from the study when xenografts reached 1cm diameter, or at 90 days following injection if xenografts failed to reach 1 cm. 'Days' indicates the average number of days to removal with the range in parantheses. Osteolysis and invasion was characterized subjectively as none, minimal, mild, moderate and marked. Metastasis were detected in cervical lymph nodes and lungs using ex vivo bioluminescent imaging, and the metastatic events that were confirmed using histologic examination are indicated. 
